Numerous short-lived and highly reactive oxygen species (ROS) such as O 2 · -(superoxide), · OH (hydroxyl radical), and H 2 O 2 (hydrogen peroxide) are continuously generated in vivo. Depending upon concentration, location and intracellular conditions, ROS can cause toxicity or act as signaling molecules. The cellular levels of ROS are controlled by antioxidant enzymes and small molecule antioxidants. As major antioxidant enzymes, superoxide dismutases (SODs), including copper-zinc superoxide dismutase (Cu/ZnSOD), manganese superoxide dismutase (MnSOD) and extracellular superoxide dismutase (ECSOD), play a crucial role in scavenging O 2 · -. This review focuses on the regulation of the genes (sods) coding for these enzymes with an emphasis on human genes. Current knowledge about sods structure and their regulation is summarized and depicted as diagrams.
Introduction
Oxidative stress caused by the imbalance between reactive oxygen species (ROS) or reactive nitrogen species (RNS) and biological antioxidant system can lead to modification of macromolecules such as DNA, lipid and protein [1] [2] [3] . Because the redox status (oxidizing/ reducing conditions) of cells is involved in regulating various transcription factors/activators (e.g., AP-1, NF-κB and p53), thereby influencing cellular target gene expression and modulating cellular signaling pathways, appropriate ROS and RNS levels are necessary for normal physiological function of the living organisms [4] . However, excessive redox active species may cause DNA damage, repress the activity of cellular enzymes and induce cell death through activation of kinases and caspase cascades [5] [6] [7] [8] .
To ameliorate and cope with injury from oxidative damage and maintain redox homeostasis, aerobic organisms have developed efficient defense systems of enzymatic and non-enzymatic antioxidants. The superoxide dismutase family is specialized in eliminating superoxide anion radicals derived from extracellular stimulants, including ionizing radiation and oxidative insults, together with those primarily produced within the mitochondrial matrix as byproducts of oxygen metabolism through the electron transport chain [9] . Three distinct isoforms of SOD have been identified and characterized in mammals: copper-zinc superoxide dismutase (Cu/ ZnSOD, encoded by the sod1 gene), manganese superoxide dismutase (MnSOD, encoded by the sod2 gene) and extracellular superoxide dismutase (ECSOD, encoded by the sod3 gene). These forms of SODs elicit similar functions, but characteristics of their protein structures, chromosome localizations, metal cofactor requirements, gene distributions and cellular compartmentalization are distinctly different from one another (reviewed in [10] ). Genetic comparisons indicate that similarities exist in sod1 and sod3 genes in certain levels of the amino acid homology while sod2 does not share substantial amino acid homology with either sod1 or sod3 [10] . The unique features of each SOD in terms of molecular weight, cellular localization, assembly of subunits, metal cofactor requirements and ion-delivery related proteins are summarized in Table 1 .
Regulation of sod genes plays a pivotal role in balancing the concentration of ROS. The compartmentalization and control of SODs at both expression and activity levels contribute to the level of SOD and consequent localized ROS level [21, 22] . This review focuses on recent progress made on sod gene regulation. Given that SODs have important functions beyond the essential role of sod2 for survival in the aerobic environment, their association with diseases such as neurodegenerative diseases, pulmonary and cardiovascular dysfunction, cancer development and progression [19, [23] [24] [25] [26] [27] is also discussed. Knowledge of how the expression of sod genes is modulated would provide insight into the understanding of human diseases and facilitate the development of therapeutic interventions.
Genetic structures and organization of the sod genes sod1
The chromosomal localization and characteristics of the sod1 gene have been identified in rodents [28] , bovines [29] and humans [30] . The human sod1 gene is localized on chromosome 21q22 [30] . The latest information on sod genes sequences is generated from initial sequencing data and comparative analysis of whole genomic studies among different species. Sequence comparison has revealed that the sod1 gene consists of five exons interrupted by 4 introns, which is significantly similar in all these species, in terms of the size of exons particularly the coding regions (Fig.1) . The variation of intron size found in different studies may be associated with gene polymorphisms in different human tissues and cell lines. Because not all information on a specific gene, e.g., the transcription initiation site, is available from online databases, original sources on characterization and organization of sod genes are used as references to evaluate the gene regulation studies. The sod1 promoter has a high GC-rich region, as well as TATA box and CCAAT box. Several putative transcription factors binding sites in the promoter region that have been verified by subsequent functional studies are summarized in Figure 1 .
sod2
Among the three SOD isoforms, sod2 has a unique genetic organization and little similarity with sod1 and sod3. In addition to the human gene, the complete genomic sequence of the sod2 gene has been isolated and characterized for other species such as mouse [31, 32] , rat [33] and bovine [34] . The primary structure of sod2 genes is highly conserved and shares more than 90% sequence homology in the coding region [35] , which is summarized in Figure 2 . The human sod2 is located on chromosome 6q25.3. Two forms of human sod2 transcripts exist, but no significant difference exists between the lengths of translation residues. Based on molecular structure and organization of the human sod2 gene, five exons interrupted by 4 introns have been identified. The basal promoter of the sod2 gene lacks TATA and CAAT boxes but contains GC rich motifs and numerous Sp1 as well as several AP-2 consensus sequences in its proximal promoter region [36] .
sod3
The human sod3 gene is localized on chromosome 4. The sod3 gene consists of 3 exons and 2 introns. An uninterrupted coding region is present within exon 3, which is homologous to the sod1 gene [37, 38] . However, an updated database shows only two exons and excludes the 5bp exon 1 containing the transcription start site. Thus, the underlying functions of this short exon and the precise location of the first exon remain to be evaluated. Two CAAT box elements but not the classical TATA box have been found in the sod3 promoter region [38] . Information on the sod3 cDNA sequence for rat and mouse is also available [39, 40] . The full-length mouse sod3 cDNA is 82% identical to rat but only 60% identical to human ECSOD [40] . Several transcription factors binding elements are present and they are depicted in Figure 3 .
Transcriptional factors involved in the regulation of the sod genes
Results of computer analysis have revealed many transcriptional regulatory elements in the proximal promoter regions of the sod genes that are binding sites for several common transcription factors. These transcriptional factors, including NF-κB, AP-1, AP-2 and Sp1, as well as C/EBP, have been shown to play important roles in regulating the constitutive or inductive expression levels of all three SODs.
Nuclear Factor-KappaB (NF-κB)
The redox-sensitive transcriptional factor NF-κB acts as a regulator of genes by serving as an "immediate responder" to harmful cellular stimuli. NF-κB responsive elements have been found in both promoter and intronic regions of all three sod genes [41] [42] [43] . Because the sod1 gene is often constitutively expressed and not as easily inducible as other superoxide dismutases, it is considered a "housekeeper gene" and is sometimes used as an internal control to compare variations in MnSOD expression level or activity [44] . Though the NF-κB site in the sod1 promoter is not very responsive to external stimuli, the PI3K/Akt pathway can activate NF-κB and upregulate Cu/ZnSOD expression [45] . The presence of the superoxide permeability pathway in endosomal membranes suggests that Cu/ZnSOD mediates O 2 · -dismutation at the endosomal surface and may produce the localized H 2 O 2 required for redox activation of NF-κB [46] . Interestingly, activation of NF-κB is absent not only in sod1 overexpressing cells but also in Cu/ZnSOD deficient mice [47, 48] .
The induction of sod2 in response to oxidative stress has been well established in organisms, tissues and cells growing under various stress conditions. Stimuli such as ionizing radiation [49, 50] , 12-O-tetradecanoylphorbol-13-acetate (TPA) [51] , interferon-gamma (IFN-γ) [52] and proinflammatory cytokines, such as tumor necrosis factor α (TNF α) [53, 54] , interleukin-1beta (IL-1 β) [55] , interleukin-4 (IL-4) and interleukin-6 (IL-6), can rapidly modulate sod2 gene transcription [56] . Previous studies from our laboratory and by other investigators have demonstrated that the stimulus-dependent MnSOD mRNA level elevation is controlled at the transcription level [57] . In one of these studies, NF-κB was identified as the most crucial transcriptional factor regulating MnSOD induction [49] . Interestingly, functional studies have demonstrated that while the NF-κB site located within the second intron of the sod2 gene is necessary for cytokine-mediated induction of MnSOD expression [43, [58] [59] [60] , p50, a member of the NF-κB family, elicits a negative role in sod2 expression [61] .
The regulatory effects of different stimuli such as cytokines, vasoactive factors, nitric oxide, cyclic nucleotides and angiotensin II on sod3 have been reviewed previously [20, 62] . A putative NF-κB motif in the human sod3 promoter region has been proposed as the functional transcriptional binding site contributing to induction and coregulation of nitric oxide synthase (iNOS) and ECSOD [38, 42, 63] . However, the location of this regulatory element has not been functionally identified. An additional NF-κB site has been identified in the second intron, but its regulatory role in ECSOD expression remains unclear [42] .
Specificity Protein 1 (Sp1)
Sp1 is a zinc-finger protein that acts as a transcription factor by binding directly to DNA through three consecutive zinc-finger domains in the C-terminus and enhances gene transcription with one of the two glutamine-rich domains [64] [65] [66] . The existence of multiple GC boxes is the identifiable characteristic of the Sp1-dependent promoter. Thus, the GC-rich motif contained within the three sod gene promoters suggests a common regulatory role of Sp1 in the expression of SODs [67, 68] .
Sp1 is necessary for both basal transcription and TPA-induced transcription via non-canonical binding sites of the sod1 proximal promoter region [44, 69] . Consistently, sod1 basal promoter activity has been significantly elevated by ectopically overexpressing Sp1 [70] . Studies have shown that DNA binding and promoter activity can be completely abolished by mutations in the Sp1/Egr-1 site [70] . Thus, Sp1 can directly activate sod1 by binding to DNA. Sp1 can also interact with other proteins to enhance the expression of sod1. For example, the expression of Cu/ZnSOD in both neuronal and non-neuronal cell lines is modulated by Sp1 activity through direct interaction with neuronal nitric oxide synthase (nNOS) in the cytosol as well as in the nucleus [71] .
In the 5′-flanking region of sod2, transcription factor Sp1 is essential for not only the constitutive but also the inducible expression of MnSOD [67, 72] . The importance of the Sp1 binding site on endogenous sod2 promoter activity has been confirmed by potentially unbiased PIN*POINT (ProteIN POsition Identification with Nuclease Tail) analysis in vivo [73] . Multiple Sp1 binding elements are needed to induce sod2 expression via the proximal promoter and the intronic enhancer element. A unique DNA looping structure in the 5′-flanking region formed by direct interactions between distant and local Sp1 is able to synergistically activate transcription in vivo [74] . This unique single-strand structure of the sod2 promoter creates the required structure for RNA-binding proteins, such as nucleophosmin (NPM). NPM binds to an 11G single-strand loop structure in the sod2 promoter region and integrates Sp1 and NF-κB responses. Disruption of this loop structure impairs constitutive and inductive transcriptions [75] . The binding of NPM to this loop structure enables Sp1, NF-κB and other important transcription factors, such as p53, to interact and exert a positive or negative effect on the expression of sod2 [76] . This complex relationship between transcription factors may explain the alteration of sod2 expression as a disease progresses.
It has been demonstrated that binding of Sp1/Sp3 transcription factors to the human sod3 gene proximal promoter region is essential for trichostatin A (TSA) dependent and basal transcription of sod3 because deletion of the Sp1 binding site significantly abolishes this activation [77] . This role of Sp1/Sp3 has also been demonstrated in lung fibroblasts [78] . Thus, it is unclear whether the presence of Sp1 is absolutely essential or other members of the Sp family are able to compensate for Sp1 function for the expression of sod3.
Activator Protein 1 (AP-1)
AP-1 is a homo-or hetero-dimeric protein composed of proteins belonging to the c-Fos, c-Jun and Fra families. AP-1 acts as a transcriptional regulator to modulate signal transduction processes involved in cell proliferation and transformation [79] . Studies of the redox regulation of AP-1 oncogenes have been excellently reviewed [4] . The expression of c-fos and c-jun genes is responsive to a variety of stimuli, including cytokines, growth factors and oxidative stress. However, the increased DNA binding capacity of AP-1 could cause a reduction in Cu/ZnSOD [71] . The activity of AP-1 is also subject to redox regulation. Thus, alteration in sod genes expression also modulates AP-1 activity [80, 81] . In a skin cancer model, overexpression of the sod2 gene in transgenic mice results in reduced tumor incidence by suppressing AP-1 activation whereas MnSOD deficiency enhances AP-1 and p53 levels, as well as increases proliferation and apoptosis events [82] . Increased MnSOD in response to oxidative stress during hepatitis C replication is regulated by two distinct signaling pathways involving p38 MAPK and JNK via AP-1 [83] . Therefore, AP-1 could activate the expression of sod genes and could be activated by the expression of SODs.
Activating Protein 2 (AP-2)
AP-2 is a family of closely related transcription factors consisting of AP-2alpha, AP-2beta, AP-2gamma, AP-2delta and AP-2epsilon [84] . In addition to directly binding to the cis-element in the target gene, AP-2 is able to crosstalk with other transcriptional factors to alter the expression of a specific gene [85] . Ginsenoside Rb 2 , purified from the panaxadiol fractions of Panax ginseng extracts, is able to increase sod1 transcription through the AP-2 site [86] . On the other hand, AP-2 plays a negative role in the constitutively low expression of MnSOD by suppressing Sp1-dependent transcription [67, 87, 88] . A methylated AP-2 binding site in the sod2 promoter reduces AP-2 DNA binding and relieves transcriptional repression of MnSOD [89] . Thus, the binding of AP-2 to the sod2 promoter may have a negative effect on MnSOD expression. Consistent with this possibility, a low Sp1/AP-2 ratio plays a role in dysregulating the promoter activity of the sod2 gene. Consequently, the loss of AP-2 activity in several types of human cancer may explain a high level of MnSOD in these cancers.
CCAAT-Enhancer-Binding Proteins (C/EBP)
C/EBP proteins consist of six members, C/EBP α to C/EBP ζ, which can interact with the CCAAT box motif present in many gene promoters. The binding of C/EBPs to DNA requires that homo-or hetero-dimerization be formed within the various members of the C/EBP family or with other transcription factors [90] . C/EBP-related factors are necessary for basal sod1 transcription [69] . Of the known C/EBP family members, C/EBPα and C/EBPβ play similar roles in stimulating the human sod1 gene. C/EBPα also plays a major role in activating the transcription of the rat sod1 gene [91, 92] . The C/EBP binding site located in the sod2 intronic enhancer region elicits the supportive role of MnSOD induction in response to cytokine stimulation. Various C/EBP isoforms, C/EBPβ/LAP*, C/EBPβ/LAP, C/EBPβ/LIP and C/ EBPδ, perform distinct functions in MnSOD transcription [58, 93] . A C/EBPβ-binding site located between -242 and -178 in the promoter region of the sod3 gene has been identified by deletion analysis of the sod3 promoter-luciferase construct. This C/EBPβ-binding site is also involved in the induction of ECSOD mRNA and protein levels, as well as confers resistance to insulin [94] .
Unique Transcriptional Factors
The five transcriptional factors discussed above share relatively common effects on the regulation of all three superoxide dismutase genes. Because of the structural characteristics and organization of each gene sequence, several transcription factors play a unique regulatory role in the expression of superoxide dismutase isoforms. For example, arachidonic acid induces the rat sod1 gene through the peroxisome proliferator-responsive element (PPRE) in the 5′-flanking sequence [95] . The transcription factors Elk1 and YY1, which bind to the positive and negative regulatory elements in the upstream region of the rat sod1 gene, respectively, coordinate the expression of rat sod1 [96] . The anticancer drug mitomycin C inhibits sod1 gene transcription through p53-mediated transcriptional repression [97] . In addition, xenobiotics such as TCDD can stimulate induction of sod1 by either the Nrf2 protein or the Ah receptor protein through the antioxidant responsive element (ARE) and xenobiotic responsive element (XRE), respectively [98] . This information suggests possible mechanisms for the adverse effect of xenobiotics on human health. FOXO3a, a member of the family of Forkhead transcription factors, can bind to the 5′-flanking region and mediate the expression of MnSOD resulting in protection of quiescent cells from oxidative stress [99] . Increased age-related Akt activity might be responsible for the phosphorylation and inactivation of FOXO3a, which in turn downregulates MnSOD transcription [100] . Several putative FOXO transcription factor binding sites starting at positions -1376, -1231 and -822 have also been identified in the human sod1 gene which suggests dual regulation by the pair NF-κB/FOXO [45] . Knocking down peroxisome proliferator-activated receptor γ (PPAR γ) could also down-regulate MnSOD at the mRNA and protein levels and reduce the protective capability of MnSOD against oxidative damage in cardiomyocytes [101] . It is possible that a pathway crosstalk may exist between the nuclear receptor-regulated signaling cascade and the regulation of sod2 gene expression.
The enzyme ECSOD contains copper and its activity directly correlates with the copper concentration and the copper chaperone antioxidant-1 (Atox1) [102] . Surprisingly, Atox1 not only acts as a copper chaperone involved in copper delivery to ECSOD at the trans-Golgi network but also positively regulates sod3 gene transcription. For ECSOD to be active at a high level, it requires both the copper chaperone and transcription factor functions of Atox1 [18, 102] . Menkes ATPase, a copper transporter, is also required for the activation of sod3, and modulated AngII induces hypertension and endothelial function by regulating ECSOD activity and vascular superoxide anion production [103, 104] . In addition to being regulated by copper containing enzymes and transporters, the sod3 gene is uniquely regulated negatively or positively by transcriptional repressors and enhancers. Repressors of sod3 gene expression include myeloid zinc finger 1 and a gut-enriched Kruppel-like factor. Activators of sod3 transcription include Ets family members such as Elf-1 and GA-binding protein α and β that actively interact with the mouse sod3 purine-rich proximal promoter region to regulate the celltype specific expression of mouse ECSOD [105] . Knowledge of positive and negative roles of these transcription factors may facilitate our understanding of sods expression under pathological conditions.
Epigenetic regulation of the sod genes
Epigenetic regulation refers to heritable changes in the level of gene expression not related to the underlying DNA sequence. Though cancer is clearly a genetic disease, either hereditary or somatic, epigenetic modulation may affect or contribute to carcinogenesis. It is well documented that malignant cancer often exhibits altered expression and activity of MnSOD compared with normal counterparts, but the reasons for this alteration are poorly defined. Doman's group published a series of papers that demonstrate the role of epigenetic regulation in increasing cytosine methylation and decreasing histone acetylation to create a repressive chromatin structure associated with epigenetic silencing of sod2 expression in human breast cancer cells and other transformed cells [106] [107] [108] . The relative expression patterns of MnSOD are inversely related to the methylation status of the sod2 promoter in several pancreatic carcinoma cell lines. The methyltransferase inhibitor is able to reverse the hypermethylation status of CpG sites to restore MnSOD levels [109] . Similar observations indicating that the sod2 gene is epigenetically silenced as a result of promoter hypermethylation have also been reported by others using KAS 6/1 human multiple myeloma cells [110] .). In addition, early growth responsive-1 (Egr-1) interacts with Sp1 and histone deacetylase-1 (HDAC1) in the proximal promoter region of sod2 to suppress histone acetylation and further inactivate MnSOD expression [111] . These publications provide insights into the possibility of an epigenetic mechanism for the regulation of the sod2 gene.
Studies of the methylation status of the sod1 gene in ALS patients have revealed that the promoter of the sod1 gene was largely unmethylated in the subjects studied. Epigenetic silencing of sod1 is therefore unlikely to be a common mechanism in ALS [112] . Though no difference in the methylation levels of CpG sites across the promoter region of the sod3 gene has been found, it is possible that the activity of the sod3 gene proximal promoter element may also be modulated by epigenetic processes [113] . Hypomethylation of the rabbit sod3 gene has been associated with the development of atherosclerosis, suggesting that epigenetic modulation of sod3 may be involved in the development of atherosclerotic lesions [114] .
Post-transcriptional Regulation of the sod genes
It has been well-documented that specific gene expression is regulated not only at the transcriptional level but also at the post-transcriptional level by changes in mRNA stability, mRNA translation and post-translational modification. Thus, increased mRNA level may not be sufficient to compensate for a compromised translational deficiency. The presence of posttranscriptional regulation and RNA silencing pathways provides conserved mechanisms by which target gene expression could be rapidly modulated. Post-transcriptional processes such as mRNA processing, export and microRNA modulation form a complex regulatory network contributing to target gene expression patterns.
Because of the presence of the typical splice junction after the sod2 gene is transcribed, human MnSOD mRNA is processed into two mRNA species of approximately 1 and 4kb size. A ∼280-nucleotide fragment within the MnSOD mRNA coding region determines the stability of messenger RNA in the absence of ribosome transit, providing a mechanism for both basal and stimulus-dependent post-transcriptional regulation of MnSOD [115] . The Alu-like element contained in MnSOD mRNA 3′UTR acts as probable microRNA targets [116, 117] . Moreover, mRNA binding with proteins and other RNAs may function as a critical regulator in posttranscriptional processes. Thus, predicting and identifying appropriate RNA structural motifs could provide insight into the regulatory mechanisms of gene expression [118] . A special, developmentally regulated MnSOD RNA-binding protein that is redox sensitive exists in rat lung and forms complexes with a fragment of the 3′UTR region of MnSOD mRNA [119] . RNA in polymers acts to inhibit MnSOD binding protein activity and prevent it from participating in post-transcriptional control of mature MnSOD protein product and activity [120, 121] . On the other hand, the partially conserved 3′UTR cis-element in the sod2 gene and RNA-protein binding activity are required for improving the translation of MnSOD. A translational enhancer in this 3′UTR cis-element, designated MnSOD-response element, is involved in the interaction with MnSOD RNA-binding protein to enhance translation efficiency and to increase translation of a heterologous RNA when it is positioned in a post-transcriptional reporter construct [122, 123] . Interestingly, tyrosine phosphorylation of this cytosolic MnSOD binding protein (MnSOD-BP) can modulate MnSOD protein level even though the identity of MnSOD-BP remains unknown [124] . The post-transcriptional mechanism will be another potentially important level of regulation defending mitochondria against oxidative stress-mediated injury.
Compared to the number of studies about sod2, studies of regulation mechanisms, such as posttranscriptional modulation of sod1 and sod3, are relatively rare. Diverse 3′UTR lengths of sod1 mRNA are associated with human Cu/ZnSOD enzyme activity [125] . Mutations in the 3′UTR of sod1 in CNS tissue are associated with motor neuron disease [126] . The 10bp deletion in 3′UTR of the sod3 transcript, which may be responsible for the alteration of ECSOD RNA half-life, has been described, but the significance and identity of the regulatory element remain unclear [127] . Given the potentially important role of ECSOD in defending against extracellular superoxide, additional studies of sod3 gene activation and mRNA modification and processing should be useful for understanding the processes of superoxide dismutasedependent diseases.
Biomedical implications Cu/ZnSOD (sod1)
Cu/ZnSOD was the first superoxide dismutase in eukaryote to be characterized and it has been found in cytoplasm, nucleus, microsomes and also in the mitochondrial intermembrane space [9, 128] . The discovery of the Cu/ZnSOD mutation in ALS, a fatal, adult-onset neurodegenerative disease primarily affecting motor neurons in the brain, brainstem, and spinal cord, has attracted broad attention [129] . Most current Cu/ZnSOD studies are focused on identification of the mutations in the coding region of the sod1 gene and how the mutated sod1 gene causes ALS and other neurodegenerative diseases. The focus at the protein level is due, in part, to the finding that ALS mice are not deficient in Cu/ZnSOD activity, but rather expression of mutant protein may lead to gain of toxic function. In addition, the promoter of the sod1 gene is mostly unmethylated in familial ALS (fALS) patients, so epigenetic silencing of sod1 is therefore unlikely to be a common mechanism in fALS [112] . The discovery of 11 missense sod1 gene mutations in 13 familial ALSs by Rosen, et al. in 1993 provided the first molecular connection between Cu/ZnSOD and the pathogenesis of fALS [130] . At present, over 150 mutations distributed in coding regions of the sod1 gene, affecting over 70 positions, have been reported [131] . Updated information about these mutations is available at the ALS online database (http://alsod.iop.kcl.ac.uk/Als/index.aspx) [132] . The majority of known mutations are missense mutations distributed among five exons of the sod1 gene. A newly identified mutation with a defect in the TATA box of the sod1 promoter has been reported, but genetic analysis has revealed that it is not a disease-causing mutation or susceptibility factor for ALS [133] . Several mutations of highly diverse properties cause the same clinical outcomes, but the precise mechanism of how each mutation in the sod1 gene leads to neurodegeneration remains unclear. The Ala4Val mutation in exon1 in humans is the most frequent mutation found from both extensive screening results of the sod1 coding region and clinical experiences in the U.S. [130] . However, the type and relative frequency of each mutation vary in the world population. Although mutant Cu/ZnSOD-catalyzed oxidative reactions and/or misfolding are being proposed as driving fALS pathogenesis [131] , mice deficient for sod1 are viable and appear to develop without obvious motor abnormalities, suggesting that "gain-of-function" mutations in sod1 may be a major factor causing fALS. A number of transgenic rodent models with different point mutations in the sod1 gene have been developed. Rodents carrying the G93A sod1 gene mutation are the most extensively studied despite the fact that this mutation is rarely detected in humans. Whether the information harvested from animal models can be appropriately applied to humans requires careful genetic comparison between different species. It has been found that accumulation and aggregation of insoluble Cu/ZnSOD exist in motor neurons of fALS patients and transgenic animal models with designed sod1 mutations such as G93A and G37R. These mutations cause inhibition of axonal transport and mitochondrial dysfunction [134, 135] . Excellent reviews of the catalytic activity of mutant Cu/ZnSOD, in vivo metallation state and stability, as well as oxidative modification related to sod1-associated fALS, have been written [131, 136] .
For the Cu/ZnSOD enzyme, the copper ion functions in the oxidized and reduced alternation while the Zn 2+ helps maintain enzyme stability [11, 137] . The copper chaperone for SOD (CCS), which has been suggested as a robust, sensitive and specific biomarker of copper status, delivers copper to the Cu/ZnSOD apoenzyme [12] . The CCS-knockout mice serve as a resource for studying alternative copper source for Cu/ZnSOD [138] . It has been shown that CCS facilitates the stepwise conversion of the disulfide-reduced immature Cu/ZnSOD to the active disulfide-containing enzyme [139, 140] . Thus, copper related post-translational regulation may affect enzyme activation, folding and aggregation leading to aberrant protein function in diseases, especially in fALS. In addition to copper zinc being a multipurpose trace element, it contributes to Cu/ZnSOD structure and modulates the folding free energy surface of the enzyme [14] . The potential role of zinc-binding proteins, such as metallothioneins and zinc transporter (ZnT), in delivering metal ions to enzymes has been suggested but remains to be established. Appropriate copper and zinc accessibility to Cu/ZnSOD can influence the structural geometry and its redox activity, as well as the protein function. Decreased zinc affinity of ALS-mutant SOD can lead to elevation of peroxynitrite-mediated tyrosine nitration [141] . Zinc-deficiency in either wild-type or ALS-mutant SOD exhibits nitric oxide-dependent neurons apoptosis, a process which can be prevented by zinc repletion [142] . Structural analysis of constitutively zinc-deficient SOD protein generated by mutation in zinc-binding pocket identifies asymmetric dimers with weakened dimer interface, enhanced redox properties of the copper and thiol-dependent aggregation of zinc-deficient SOD [143] . However, whether supplement of zinc will be beneficial to ALS patient is unknown. Zn supplementation in ALS mice has either protective or toxic effect depending on the levels of dietary Zinc [144, 145] . Therefore, considering this paradoxically dose-dependent effect, Zinc supplementation in ALS patient will require information on the zinc status of individual patient.
In addition to fALS, alteration of Cu/ZnSOD expression level or catalytic activity has been identified in several physiological situations such as aging and age-associated diseases (reviewed in [11, 146, 147] ). Sod1 knock-out mice have been shown to suffer from physiological impairment including reduced female fertility, macular degeneration and death from liver tumors [131, 136] . Considering the important role of Cu/ZnSOD in these diseases, and the fact that the majority of ALS is sporadic, future studies should include understanding the regulation of sod1 gene expression and post-translational modifications.
MnSOD (sod2)
Abnormal cellular redox status has been associated with many types of diseases. Among three SOD isoforms, MnSOD is the only SOD that has proved to be essential for the survival of aerobic organisms [148] . The physiological role of MnSOD as a cytoprotective enzyme has been clearly confirmed by the extremely short life-span of MnSOD knockout mice, which died shortly after birth with dilated cardiomyopathy and neurodegeneration [149, 150] . The importance of MnSOD beyond the need for survival in the aerobic environment has also been well-established. For example, in the development of cancer, which involves either the activation of oncogenes or the inactivation of the tumor suppressor gene, the levels of ROS and superoxide dismutase are regulated reciprocally. It has been demonstrated that, at an early stage of cancer development, oxidative stress and relatively low levels of antioxidant enzymes result in DNA damage and cell injury. Because MnSOD plays a critical role in the defense against oxidant-induced injury and apoptosis of rapidly growing cancer cells, it is considered a unique tumor suppressor protein [151] . The tumor suppressive effect of MnSOD has been demonstrated in numerous cell types with malignant phenotype via modulating redox-related transcriptional factors (reviewed in [152] ). However, after cancer has progressed, the expression of MnSOD can be higher in aggressive cancer compared to benign counterparts. These findings have been reported for advanced cancer tissues and blood samples of leukemia. Significantly higher MnSOD levels in malignant ovarian cancer tissue compared to normal ovarian epithelium and benign lesions have also been identified in a large number of samples using comparative tissue microarray analysis [153, 154] . ROS partially renders cancer cells more dependent on the function of superoxide dismutase to protect itself from damage caused by increased amounts of superoxide radicals. The necessity to alleviate ROS stress, coupled to the loss of MnSOD suppressors as the cancer progresses, provides a mechanistic explanation for a high MnSOD level in some cancer types at advanced stages. Due to the pivotal role of mitochondria and MnSOD in regulating cell death and cancer development, alteration of MnSOD activity and levels could be a potential target for therapeutic intervention.
A number of studies have identified the association of sod2 genetic polymorphisms with various diseases including type II diabetes and hypertension [159] [160] [161] [162] . The presence of MnSOD single nucleotide polymorphisms (SNPs) and the potential effects of these SNPs on human MnSOD have been briefly reviewed [163] and are summarized in Table 2 . Mutations detected in the sod2 promoter region reveal the possibility for decreased expression of MnSOD in several human cancer cells [155] . Among these mutations, C to T transition at -102 and an A insertion at -93 interrupting the single-strand loop structure have been suggested as reasons for reduced levels of MnSOD activity in some tumor cell lines. These mutations create an extra DNA binding site for the transcription factor AP-2 and alter sequence-specific interaction between DNA-protein and protein-protein in the transcription initiation complex [75, 155] . C to G transversion at -38 modulates an AP-2 dependent dysregulation of sod2 gene expression [85] .
The newly synthesized polypeptide for MnSOD requires that it be transported across two mitochondrial membranes into the mitochondrial matrix where the enzyme is converted to an active form. This transport activity is mediated by the presence of a signal sequence within the N-terminal of the polypeptide. An extensively investigated cytosine to thymine (C to T) single nucleotide polymorphism in the sod2 mitochondrial targeting sequence, which causes the substitution of alanine (GCT) with valine (GTT) at codon 16, can disrupt the secondary α-helix structure of MnSOD and affect the localization and efficiency of mitochondrial transport of MnSOD enzyme [156] . Sutton et al. have reported that the MnSOD Ala variant generates 30-40% more active MnSOD enzyme and allows more efficient MnSOD import into the mitochondrial matrix than its Val counterpart, suggesting that the homozygous AA genotype may have higher MnSOD activity than its VV counterpart [164] . This target sequence polymorphism of human MnSOD gene and its association with cancer risk have been recently reviewed [165] . With respect to the AA genotype having a beneficial role in higher MnSOD activity, indeed, the sod2 homozygous variant genotype (Val/Val) has been associated with a greater risk of pancreatic cancer compared with the Ala allele. The occurrence of the VV variant also enhances the risk of non-small cell lung carcinoma in the presence of p53 and XRCC1 polymorphism [166, 167] . However, there is significant variability in results regarding the association of Ala16Val polymorphism with increased risk of disease. Little overall association has been found between MnSOD polymorphism and other diseases, such as asthma, Parkinson's disease, lung cancer and prostate cancer [162, [168] [169] [170] [171] . Some studies demonstrate that the AA genotype elicits increased cancer risk. The Finnish study of male heavy smokers found that the MnSOD AA polymorphism was significantly associated with higher risk of prostate cancer, especially for tumors with higher Gleason score [172] . S. H. Olson and colleagues also found that carriers of the AA genotype had greater risk for ovarian carcinoma. Similar results have been described in breast cancer studies [173] . These reports indicate that this polymorphism may be functionally neutral. However, these studies do not delineate the levels of corresponding factors, such as the loss of p53 or AP-2. The variability of sample characteristics and disease stages may contribute to the discrepancies among studies even on the same type of disease [170, 172] . Thus, extensive, population-based, age-matched, casecontrol studies will be required to thoroughly investigate Ala16Val polymorphism so as to provide more reliable information for prevention, treatment and surveillance.
Another potentially important polymorphic substitution for isoleucine or threonine is found at amino acid 58 in the mature human MnSOD protein. The Thr variant is less stable and more susceptible to inactivation by S-thiolation reaction than the Ile counterpart due to its stability at the tetrameric interface [157] . Consistent with the tumor suppressive role of MnSOD, human malignant breast cancer cells overexpressing Ile58 MnSOD have 3-fold higher MnSOD activity and a greater tumor-suppressive effect than cells overexpressing the Thr58 counterpart at an equal MnSOD protein level [174] . Further direct testing of this possibility would be to replace cellular MnSOD with either version and then to study the effect on tumorigenesis, e.g., in a transgenic knockin model. Another relatively unique point mutation, C5782T in exon3 of sod2 producing a L60F mutation in the mature enzyme, has been found in Jurkat T lymphocytes. The L60F mutation led to a deficiency in MnSOD activity and correlated with the malignant phenotype. This finding also explains the paradoxical effects of thiol reagents on antioxidants in some leukemia cells [158] . The different roles that MnSOD plays at different cancer stages suggest that specific strategies will be needed for specific situations. Thus, understanding how the expression of MnSOD can be selectively regulated at each stage of cancer development is likely to have important implications for the prevention and treatment of cancer.
ECSOD (sod3)
This copper-and zinc-containing dismutase, extracellular superoxide dismutase (ECSOD), was first discovered in extracellular fluids including human plasma, lymph, and synovial fluid by Marklund, et al. in 1982 [175-177] . ECSOD is the least characterized SOD of the three SOD isoforms. It is a secreted hydrophobic glycoprotein usually existing as a homotetramer with an approximate molecular weight of 135,000 Da [175] . After removal of the signal peptide, mature ECSOD protein is composed of three domains: the amino-terminal domain containing glycosylation sites, an active site domain that shows strong homology with Cu/ ZnSOD and a short carboxyl-terminal domain [38] . One unique characteristic of ECSOD that was identified during initial purification is its strong affinity for heparin and other heparin sulfates, the interaction of which was further localized to the C-terminal, the positively charged, heparin-binding domain of ECSOD [178, 179] . The polycationic matrix-binding domain makes ECSOD directly bind to hyaluronan and inhibit oxidant-induced degradation of this glycosaminoglycan so as to prevent inflammation in response to lung injury [180] . A common human sod3 gene variant (substitution of argine 213 with glycine R213G), which is located in the center of the carboxyl-terminal cluster of positively charged amino acid residues of the heparin-binding domain, has been described [181] [182] [183] . Due to impaired heparin and collagen binding affinities, this variant is considered to be related to increased plasma ECSOD concentration but not to enzymatic activity [181] . The significance of this polymorphism varies depending on the disease and population [184, 185] . The association between the R213G ECSOD polymorphism and clinical significance has been summarized in several reviews of ECSOD [20, 42, 183] . Additional variants of the human sod3 gene include 4 other missense mutations, Ala40Thr, Phe131Cys, Val160Leu and Arg202Leu. A silent mutation, Leu53Leu (CTG to TTG), has been found in samples of Japanese and Mediterranean populations [183] [184] [185] . However, the functional significance of most of these new variants on metabolic activity and disease incidence requires further investigation.
Interestingly, the human ECSOD polypeptide folds in two distinct ways with different disulfide bridge patterns resulting in enzymatically active (aECSOD) and inactive (iECSOD) subunits [186] [187] [188] . Thus, differential modification of different disulfide bonds, intracellular folding and proteolytic processing of protein also contribute importantly to the levels of enzymatic activity.
The expression of ECSOD and its catalytic activity have been associated with a variety of diseases including cardiovascular, neurological disorders and pulmonary diseases. Several regulatory mechanisms have been proposed [42] . It has been shown that ECSOD is a main regulator of nitric oxide (NO) bioavailability and bioactivity by modulating generation of the toxic product peroxynitrite in the vasculature [189] . ECSOD binding to protein filbulin-5 maintains vascular O2· -levels [187, 190] . Our focus is on the molecular mechanism known to regulate sod3 gene expression and the related biomedical implication. Thus, because ECSOD activity and function and methods or applications of sod3 gene transfer have all been described elegantly in other reviews, they will not be presented here [20, 42, 177, 183] . Despite the availability of several disease models related to ECSOD, the precise mechanism for the control of ECSOD expression is unknown. Understanding the molecular mechanisms involved in the regulation of sod3 gene expression and the factors involved in tissue and cell-specific expression of the sod3 gene will be important for therapeutic attempts to design novel strategies for controlling ECSOD-related tissue injury.
Conclusions and Future Directions
The essential role of SODs in the survival of aerobic organisms and prevention of pathological conditions demonstrates the significance of understanding how the expression of these genes can be regulated. At the transcription level, an individual sod gene has its own unique regulatory mechanisms and also uses common transcriptional factors. These features provide the opportunity to either selectively alter the expression of a sod gene or concurrently modulate all of them as a family. In addition to transcriptional control, epigenetic regulation and posttranscriptional modifications can also play important roles in controlling the level of functional SODs. These processes include stabilizing SOD mRNAs and regulating their translation. Considering the current explosion of microRNA studies and the roles of microRNA in diseases, future studies should also emphasize regulation of SOD translation by microRNA. Due to the importance of metal cofactors to the activity of superoxide dismutase, the processes and effects of metal ion insertion on SOD function deserve further in-depth investigations. Because the compartmental localization of each SOD is different in sub-cellular compartments, approaches to target their site-specific expression will be very important and could be used to aid the development of novel SOD-dependent therapeutic strategies.
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